We present a theoretical study using density functional calculations of the structural, electronic and magnetic properties of 3d transition metal, noble metal and Zn atoms interacting with carbon monovacancies in graphene. We pay special attention to the electronic and magnetic properties of these substitutional impurities and found that they can be fully understood using a simple model based on the hybridization between the states of the metal atom, particularly the d shell, and the defect levels associated with an unreconstructed D 3h carbon vacancy. We identify three different regimes associated with the occupation of different carbon-metal hybridized electronic levels: (i) bonding states are completely filled for Sc and Ti, and these impurities are non-magnetic; (ii) the non-bonding d shell is partially occupied for V, Cr and Mn and, correspondingly, these impurties present large and localized spin moments; (iii) antibonding states with increasing carbon character are progressively filled for Co, Ni, the noble metals and Zn. The spin moments of these impurities oscillate between 0 and 1 µB and are increasingly delocalized. The substitutional Zn suffers a JahnTeller-like distortion from the C3v symmetry and, as a consequence, has a zero spin moment. Fe occupies a distinct position at the border between regimes (ii) and (iii) and shows a more complex behavior: while is non-magnetic at the level of GGA calculations, its spin moment can be switched on using GGA+U calculations with moderate values of the U parameter.
I. INTRODUCTION
The electronic properties of two-dimensional graphene are currently the subject of intense experimental and theoretical research.
1,2 Graphene exhibits many intriguing phenomena stemming from the characteristic conical dispersion and chiral behavior of its valence and conduction bands nearby the Fermi energy. 3, 4, 5 In general, graphenic nanostructures like graphene nanoribbons, carbon nanotubes and their interconnections, are opening new routes for research in the field of nanoelectronics 6 , due to the long spin relaxation and decoherence times of these materials 7 . In addition, the possibility to control the magnetism of edge states in nanoribbons by applying external electric fields, 8, 9 make them very attractive for spintronic applications. 10 However, for the design of realistic devices the effect of defects and impurities have to be taken into account. For this reason, quite a lot of work has been devoted to the study of defects and different types of impurities in these materials. It has now become clear that defects and dopants severely affect some the properties of graphenic systems and can be used to tune their response. For example, the strong interplay between the presence of defect or dopants and the magnetic properties of carbon nanostructures has been stressed by several authors. 11, 12, 13, 14, 15, 16, 17, 18, 19 Here we focus on substitutional impurities in graphene, in which a single metal atom substitutes one or several carbon atoms in the layer. Direct experimental evidence of the existence of these kind of defects has been recently provided by Gan et al. 20 . Using high-resolution transmission electron microscopy (HRTEM), these authors were able to visualize individual Au and Pt atoms incorporated into a very thin graphitic layer probably consisting of one or two graphene layers. From the real-time evolution and temperature dependence of the dynamics they obtained information about the diffusion of these atoms. Large diffusion barriers (∼2.5 eV) were observed for in-plane migration, which indicates the large stability of these defects and the presence of strong carbon-metal bonds. These observations seem to indicated that the atoms occupy substitutional positions. There also exists evidence for the existence of substitutional Ni impurities in single-walled carbon nanotubes (SWCNT) 21, 22 and graphitic particles. 23 Ushiro et al. 21 showed that Ni substitutional defects were present in SWCNT samples even after careful purification and that, according to their analysis of the X-ray absorption data, the most likely configuration was one in which the Ni atom replaces a carbon atom, as seen in Fig. 1 .
The presence of substitutional defects can have important implications for the interpretation of some experimental evidence. For example, substitutionals of magnetic transition metals are expected to strongly influence the magnetic properties of graphenic nanostructures. Interestingly transition metals, like Fe, Ni or Co, are among the most common catalysts used for the production of SWCNT 24 . Furthermore, Rodriguez-Manzo and Banhart 25 have recently demonstrated the possibility to create individual vacancies at desired locations in carbon nanotubes using electron beams. This ability, in combination with the observed stability of substitutional impurities, can open a route to fabricate new devices incorporating substitutional impurities in certain locations or arranged in particular ways. Such devices would al-low for experimental verification of some of the unsual magnetic interactions mediated by the graphenic carbon network that have been predicted recently. 26, 27, 28 In this work we study theoretically the structural, electronic and magnetic properties of 3d transition metals, noble metals and Zn as substitutional impurities in graphene using density functional (DFT) calculations. We only consider the configuration proposed by Ushiro et al., 21 in which a single metal atom binds to a carbon monovacancy. Throughout the paper we will refer to this structure as substitutional configuration. The results of our DFT calculations are in good agreement with the results of other recent studies on similar systems. 22, 28, 29, 30, 31, 32 In particular, Krasheninnikov et al. 29 have presented the most complete first-principles study to date of metal atoms interacting with single and double vacancies in graphene. In most cases our results are in good agreement with their predictions and similar general trends are found. However, the electronic structure of these defects has not been analyzed in detail to date and no simple model to understand the observed behaviors has been presented so far. Here we present the evolution of the electronic structure of the substitutional defects as we move along the transition series and correlate the observed changes with a simple picture of the metalvacancy interaction.
In our study we pay special attention to the electronic and magnetic properties of the metal impurities. One of our key results is that the electronic and magnetic properties of these substitutional metals can be fully understood using a simple model based on the hybridization between the states of the metal atom, particularly the d shell, and the defect levels associated with the unreconstructed carbon vacancy. The predictions of this model are in good agreement with the calculated DFT band structures. With this model we can easily understand the non-trivial behavior found for the binding energy and for the size and localization of the spin moment as we increase the number of valence electrons in the impurity. In brief, we have identified three different regimes that can be correlated with the electron filling of different carbon-metal hybridized levels: (i) bonding states are filled for Sc and Ti, and these impurities are non-magnetic; (ii) the non-bonding d shell is partially occupied for V, Cr and Mn and, correspondingly, these impurities present large and localized spin moments; (iii) antibonding states with increasing carbon character are progressively filled for Co, Ni, the noble metals and Zn, giving rise to spin moments that oscillate between 0 and 1 µ B and are increasingly delocalized.
We have also found that Zn becomes non-magnetic due to a Jahn-Teller distortion. However, it is possible to stabilize a symmetric configuration with a spin moment of 2µ B with a very small energy penalty of ∼150 meV. Finally, our calculations confirm that, the unexpected result that Au substitutionals 29, 30 present a spin moment of 1µ B , also holds for Ag and Cu, and thus stems only from the number of valence electrons (see the Slater-Paulinglike plot in Fig. 3) .
We have studied with special detail the complex case of Fe. This impurity occupies a distinct position at the boundary between two different regimes and its magnetic behavior stems from the competition between the carbon-metal hybridization and the electron-electron interaction within the 3d shell. As a result, the spin moment of Fe is specially difficult to describe: although nonmagnetic using standard functionals within the generalized gradient approximation (GGA) 33 , the magnetism of Fe appears using the so-called LDA+U methodology with reasonably low values of the U parameter.
The paper is organized as follows. After a brief description of the computational approach in Sec. II, we present a summary of the structure, energetics and magnetic properties of all the studied elements in Sec. III. In this section we also indicate the general ideas behind our model of the metal-carbon hybrization in these systems. In Sec. IV the electronic structure of the unreconstructed D 3h carbon vacancy in graphene is presented. This is one of the key ingredients to understand the binding and electronic structure of substitutional impurities in graphene. The electronic structure of the different groups of impurities is described in the subsequent sections, particularly in Sec. V. The Zn substitutional impurity with its JanhTeller distorsions is described in Sec. VI. A special section (Sec. VII) is devoted to describe the special role of Fe at the border between two different regimes. Finally, we close with some general conclusions.
II. THEORETICAL METHODS
We have used two different approaches to perform our DFT calculations: the Siesta method 34, 35, 36 using a basis set of localized numerical-atomic-orbitals 35, 37 (NAOs) and the Vasp code 38,39 using a basis set of plane waves. We have used the Perdew-Burke-Ernzerhof 33 GGA (PBE-GGA) functional in all our calculations. Most of our results are obtained using a 4×4 supercell. This supercell is sufficiently large to obtain reliable results. This has been proven by performing calculations using larger supercells up to 8×8 for several elements. The utilized codes perform three-dimensional periodic calculations. In order to avoid spurious interactions between periodic images of the defective graphene layer, the size of the supercell perpendicular to the plane was always larger than 15Å. The convergence with respect to the number of k-points was specially critical to obtain accurate results for the spin moment in the studied systems. For all the impurities and different supercell sizes we have used a large number of k-points, consistent with a 136×136 Monkhorst-Pack 40 sampling of the unit cell of graphene, in combination with a Fermi-smearing of 21 meV. All the atomic coordinates were always optimized until forces along all directions were smaller than 0.05 eV/Å.
For the Siesta calculations we have used Troullier-Martins norm-conserving pseudopotentials 41 generated using the pseudization radii shown in the Appendix. The pseudopotentials for the metal atoms include nonlinear core corrections 42 for exchange and correlation. The pseudocore radii (r core ) have been optimized for each element and are also presented in the Appedix. Using nonlinear core corrections is known to be critical to describe properly the spin moment and magnetic properties of transition metals. We have tested that these pseudopotentials yield the correct spin moments and band structures in bulk phases.
The spacing of the real-space grid used to calculate the Hartree and exchange-correlation contribution to the total energy and Hamiltonian with Siesta was equivalent to a 180 Ry plane-wave cutoff. A double-ζ polarized (DZP) 35, 37 basis set has been used for the calculation of the magnetic and electronic properties. However, we have checked that using a double-ζ (DZ) basis set for carbon yields almost identical relaxed structures as the DZP basis and, therefore, we have used the smaller DZ basis for most of the structural relaxations. The shape of the basis orbitals was automatically determined by Siesta using the algorithms described in Ref. 35 . The cutoff radii of the different orbitals was obtained using an energy shift of 50 meV. Although this basis set proved to be sufficiently accurate to describe the geometries, spin moments and band structures, for some metal atoms the binding energies where slightly overestimated. For those atoms the radii of the basis orbitals were enlarged (using smaller values of the energy shift parameter) until binding energies were converged within a few tens of meV. The resulting radii are shown in the Appendix.
With the Vasp code we have used a well converged plane-wave cutoff energy of 400 eV combined with the projected-augmented-wave (PAW) method. Using the provided PAW potentials allows to check the possible limitations of pseudopotential calculations. However, as shown below, the agreement between both sets of calculations is excellent. We have also performed GGA+U calculations using the formulation of Dudarev et al. 43 . In this formulation a single U parameter is used, which we have taken as an empirical parameter and varied in the range 1-4.5 eV in our calculations for all the studied impurities. Only for Fe, GGA+U results showed significant (qualitative) differences respect to those of PBE-GGA calculations.
III. MAIN PROPERTIES OF SUBSTITUTIONAL TRANSITION METALS IN GRAPHENE
We provide in this section a brief summary of our results for the structure, binding, and spin moments of subtitutional 3d transition metals, noble metals and Zn in graphene. 
A. Geometry and structural parameters
The typical geometry of the systems studied in this paper is presented in Fig. 1 . The metal atom appears always displaced from the carbon layer. The height over the plane defined by its three nearest carbon neighbors is in the range 1.7-0.9Å. These three carbon atoms are also displaced over the average position of the graphene layer by 0.3-0.5Å. The total height (h z ) of the metal atom over the graphene plane is the sum of these two contributions and ranges between 1.2-1.8Å, as shown in panel (c) of Fig. 2 . In most cases the metal atom occupies an almost perfect symmetric configuration with C 3v symmetry. Exceptions are the noble metals, that are slightly displaced from the central position, and Zn that suffers a Jahn-Teller distortion in its most stable configuration. However, we have found that it is also possible to stabilize a symmetric configuration for Zn with a binding energy only ∼150 meV smaller. This configuration was overlooked in a recently published study on these systems 29 and we will refer to it as Zn C 3v throughout the paper.
Figures 2 presents a summary of the structural parameters of substitutional 3d transition metals, noble metals and Zn in graphene. Solid circles correspond to calculations using the Siesta code with pseudopotentials and a basis set of atomic orbitals, while open squares stand for Vasp calculations using plane-waves and PAW poten- tials. The agreement between both sets of calculations is quite remarkable. Data in these figures correspond to calculations using a 4×4 supercell of graphene. For several metals we have also performed calculations using a larger 8×8 supercell and find almost identical results. This is particularly true for the total spin moments, which are less dependent on the size of the supercell, but require a sufficiently dense k-point sampling to converge. In the following we will mainly discuss the results obtained with the smaller cell since the plots of the band structures are easier to interpret in that case. Finally, as already mentioned, noble metals and Zn present a distorted configuration. A detailed description of the structural parameters in these cases will be given below, here we only present the averaged structural data for noble metals and those corresponding to the Zn C3v case.
The data in Fig. 2 tances decrease as we increase the atomic number, with a small discontinuity when going from Mn to Fe. The carbon-metal bond length reaches its minimum for Fe (d C-Fe =1.76Å), keeping a very similar value for Co and Ni. For Cu and Zn the distances increase reflecting the fully occupied 3d shell and the large size of the 4s orbitals. Among the noble metals we find that, as expected, the bond length largely increases for Ag with respect to Cu, but slightly descreases when going from Ag to Au. The latter behavior can be understood from the compression of the 6s shell due to scalar relativistic effects.
B. Binding energies
The binding energies of the studied substitutional metal atoms in graphene can be found in panel (d) of Fig. 2 . In general, the behavior of the binding energies can be correlated with that of the carbon-metal bond length, although the former is somewhat more complicated. Binding energies for transition metals are in the range of 8-6 eV. Ti presents the maximum binding energy, which can be easily understood since for this ele- ment all the metal-carbon bonding states (see Sec. V A) become fully occupied. One could expect a continuous decrease of the binding energy as we move away from Ti along the transition metal series and first the nonbonding 3d and later the metal-carbon antibonding levels become populated. However, the behavior is nonmonotonic and the smaller binding energies among the 3d transition metals are found for Cr and Mn, while a local maximum is observed for Co. This complex behavior is related to the simultaneous energy down-shift and compression of the 3d shell of the metal as we increase the atomic number. This will become more transparent when discussing in detail the metal-carbon hybridization levels. In brief, the behavior of the binding energies of the substitutional 3d transition metal comes from two competing effects: (i) as the 3d shell becomes occupied and moves to lower energies the hybridization with the carbon vacancy states near the Fermi energy (E F ) is reduced, which decreases the binding energy;
(ii) the transition from Mn to late transition metals is accompanied by a shift of the metal-carbon bond length of ∼0.1Å, which increases the carbon-metal interaction and, correspondingly, the binding energy.
Binding energies for noble metals are considerably smaller than for transition metals and mirror the reverse behavior of the bond lengths: 3.69, 1.76 and 2.07 eV, respectively, for Cu, Ag and Au. The smallest binding energy (∼1 eV) among the metals studied here is found for Zn, withh filled s-d electronic shells.
C. Spin moments
The spin moments of substitutional transition and noble metals in graphene are shown in Fig. 3 . Again they are in agreement with the results of Ref. 29 . However, we advance a simple model to understand the observed behavior which was not presented in that reference. One of the fundamental results of our study is a detailed model of the bonding and electronic structure of substitutional transition metals in graphene. As we will see below, the evolution of the spin moment can be completely understood using such model. In brief, we can distinguish different regimes according to the filling of electronic levels of different (bonding, non-bonding and antibonding) character:
(i) all the carbon-metal bonding levels are filled for Sc and Ti and, correspondingly, the spin-moment is zero;
(ii) non-bonding 3d levels become populated for V and Cr giving rise to a spin moment of, respectively, 1 and 2 µ B with a strong localized d character;
(iii) for Mn one additional electron is added to the antibonding d z 2 level and the spin moment increases to 3 µ B ;
(iv) finally, for Fe and heavier atoms all the nonbonding 3d levels are occupied and the spin moment oscillates between 0 and 1 µ B as the antibonding metalcarbon levels become occupied.
The sudden decrease of the spin moment from 3 µ B for Mn to 0 µ B for Fe is characterized by a transition from a complete spin-polarization of the non-bonding 3d levels to a full ocuppation of those bands. However, this effect depends on the ratio between the effective electronelectron interaction within the 3d shell and the metalcarbon interaction (see Sec. VII). As we will see below, if the hybridization with the neighboring atoms is artificially reduced, for example by increasing the Fe-C distance, Fe impurities develop a spin moment of 2 µ B . Our results also show that it is also possible to switch on the spin moment of Fe by changing the effective electronelectron interaction within the 3d shell. This can be done using the so-called GGA+U method. For a large enough value of U (in the range 2-3 eV), Fe impurities develop a spin moment of 1 µ B . This will be also explained in detail in Sec. VII. For the time being we just point out that this behavior is unique to Fe: using similar values of U for other impurities does not modify their spin moments.
At the level of the GGA calculations Fe constitutes the border between two different characters of the spin mo-ment associated with the substitutional metal impurities in graphene: 3d magnetism for V-Mn and a "defectivecarbon" -like magnetism for heavier atoms. For Co, Ni, the noble metals and Zn the electronic levels close to the E F have a stronger contribution from the carbon nearestneighbors and resemble the levels of the isolated D 3h carbon vacancy. In particular, Mulliken population analysis show that the spin moment of the noble metals impurities has a dominant contribution for the three nearest carbon neighbors (see Table I ). For Zn two electrons occupy a two-fold degenerate level reminiscent of the E sp level of the unreconstructed carbon vacancy (see Sec. IV). As a consequence, the system suffers a Jahn-Teller distortion and has a zero spin moment. However, it is possible to stabilize a symmetric configuration (Zn C3v ) with a moment of 2 µ B and only slightly higher in energy.
IV. UNRECONSTRUCTED D 3h CARBON VACANCY
We have seen in the previous summary of results that, as substitutional impurities in graphene, most of the metal atoms studied here present a threefold symmetrical configuration. For this reason we have found particularly instructive to analyze their electronic structure as the result of the hybridization between the atomic levels of the metal atoms with the electronic levels associated with an unrelaxed D 3h symmetrical carbon vacancy. Figure. 4 (a) shows the electronic structure of such D 3h carbon vacancy as calculated using 4×4 graphene supercell, while panel (b) presents a simplified scheme that highlights the defect levels associated with the vacancy and indicates their different character and symmetry. The defect levels of the D 3h vacancy can be easily classified according to their sp or p z character and whether they transform according to A or E-type representations. Close to the E F we can find a fully symmetric A p z level (thus belonging to the A ′′ 2 irreducible representation) and two degenerate (at Γ) defect levels with E symmetry and sp character (E ′ representation). Approximately 4 eV below E F we find another defect level with A sp character (A ′ 1 representation). It is interesting to note that it is not possible to identify any localized defect level with E p z (E ′′ ) character. This is due to the strong coupling with the delocalized states in the graphene layer and contrasts to the case of the A p z level. The A p z level lies very close to E F , where the density of states is low, and due to its A symmetry cannot appreciably couple to the delocalized p z states of graphene in that energy range. On the contrary, the E p z combinations present a very strong hybridization with the rest of the states of the graphene layer. Indeed, an inspection of the Projected Density of States (PDOS) (see the scheme in Fig. 4 (b) ) reveals that the spectral weight associated with such E symmetry linear combinations of p z orbitals of the carbon atoms surrounding the vacancy extend over the whole valence and conduction band of graphene. It is important to take the last observation into account when developing a model of the electronic structure for the metal substitutionals in graphene. Note that we need to have the correct number of electrons from carbon available for forming localized (covalent) bonds.
The three carbon atoms around the vacancy provide three unpaired electrons associated with the unsaturated sp lobes and three electrons coming from the p z orbitals. As shown in Fig. 4 (b) , two of these electrons stay in p z states delocalized over the graphene layer while the other four electrons fill the A sp and A p z levels localized at the vacancy.
V. ANALYSIS OF THE ELECTRONIC STRUCTURE
We now turn to the problem of the electronic structure of 3d transition and noble metal atoms as substitutional impurities in graphene. We first present a model of the hybridization between carbon and metal levels and, subsequently, we show that this model allows to understand in detail the band structures obtained in our calculation for all the metals.
A. Sc and Ti: filling the vacancy-metal bonding levels Figure 5 (a) presents a schematic representation of the hybridization of the 3d levels of Ti with those of an unreconstructed D 3h carbon vacancy. We only consider explicitly the 3d states of the metal atom since our calculations show that, for transition metals, the main contribution from 4s orbitals appears well above E F . Due to the symmetric position of the metal atom over the vacancy the system has a C 3v symmetry and the electronic levels can still be classified according to the A or E irreducible representations of this point group. Of course, metal and carbon vacancy states only couple when they belong to the same irreducible represention. Thus, occupied A p z and A sp vacancy levels can only hybridize with the 3d z 2 orbitals (A 1 representation), while all the other 3d metal orbitals can only couple to the unoccupied E sp vacancy levels.
With these simple rules in mind and taking into account the relative energy position of carbon and metal levels, that changes as we move along the transition metal series, we can propose a model of the electronic structure of substitutional transition metals in graphene as represented in Fig. 5 (a) and (b) . There are three localized defect levels with A 1 character and three twofolddegenerate levels with E character. Two of these E levels correspond to bonding-antibonding sp-d pairs, while the third one corresponds to 3d non-bonding states. For ScMn the three A 1 levels can be pictured as a low lying bonding level with A sp-d z 2 character and a bondingantibonding pair with A p z -d z 2 character. Therefore, as shown in Fig. 5 we have four metalvacancy bonding levels (two A and one doublydegenerate E levels) that can host up to eight electrons. Ti contributes with four valence electrons, and there are four electrons associated with the localized carbonvacancy levels. Thus, for Ti the bonding states are completely occupied. Consequently, Ti presents the highest binding energy among all 3d transition metals and has a zero spin moment. The situation for Sc ougth to be discussed in detail. As Sc has three valence electrons, in principle we could expect an incomplete filling of the metal-vacancy bonding levels and a spin moment of ∼1 µ B . However, in our model the highest bonding state (with A p z -d z 2 character) appears below E F and the Sc impurity can act as an acceptor impurity. Our calculations show that this is indeed the case. The Sc-vacancy p z -d z 2 impurity level captures an electron from the extended states of the graphene layer which becomes p-doped. In total, the substituional Sc-graphene system does not show any spin polarization.
We can now contrast the expectations from our model with actual calculations. Figure 6 shows the band structure of Sc (a) and Ti (b) close to the E F . As expected, the main contribution from the 3d shell is found above E F . Below E F we find one defect band with p z -d z 2 character and two bands (degenerate at Γ) with sp-d character. These bands are in close correspondence with the bonding A and E levels appearing in our model. In the case of Ti the E F is located inside a gap of ∼0.5 eV that opens at K point in the Brillouin zone. This gap appears due to the relatively small 4×4 supercell used in these calculations and is reduced when larger supercells are used. Thus, the filling of the graphene extended bands is not appreciably changed by substitutional doping with Ti. For Sc the situation is different. As shown in Fig. 6 (a) E F moves away from the K point, the Scvacancy complex captures one electron and the graphene layer becomes doped with holes.
Regarding the unocuppied bands, the 3d contribution for Sc above E F appears quite broadened due to the strong hybridization with the graphene states. Indeed, the defect levels are somewhat difficult to identify and to correlate with our model. One exception is a flat band with strong d z 2 character appearing at ∼1.5 eV that, due to its symmetry, does not couple so efficiently with the host states. The case of Ti is much easier to interpret in terms of the simplified model presented in Fig. 5 (a) . In particular, we can find two bands at ∼0.6 eV with strong d xy and d x 2 −y 2 contribution that correspond with the non-bonding d impurity levels, and one band with d z 2 character at ∼0.8 eV corresponding with the A p zd z 2 antibonding level. Around 2.6 eV we can also find the two E sp-d antibonding defect levels, although in this case much more hybridized with the host.
B. V, Cr and Mn: 3d magnetism
As we have seen above, the metal-vacancy bonding levels are completely filled for substitutional Sc and Ti and, as a consequence, the spin moment associated with these impurities is zero. However, following our model in and (f)) impurities in a 4×4 supercell of graphene. Open and filled circles indicate, respectively, the contribution from 3d z 2 and the rest of the 3d orbitals of the metal and, therefore, also indicates levels with A and E symmetries. Energies are referred to the Fermi energy ures 5 (a) and (b), as we move along the transition metal series the number of valence electrons increases and the non-bonding 3d impurity states start to become occupied. Hence, due to the strong atomic character and localization of these states, the system develops a non-zero spin moment. Figure 7 shows the calculated band structures for V, Cr and Mn impurities in a 4×4 supercell of graphene. The full calculations and the predictions of our simplified model agree remarkably, at least in the neighborhood of E F . For V and Cr this correspondence is particularly evident: one and two electrons, respectively, occupy the degenerate non-bonding E d levels. These non-bonding levels have a dominant contribution from the 3d xy and 3d x 2 −y 2 orbitals of the metal atoms. As expected, the spin moments associated with these impurities are, respectively, 1 and 2 µ B . The strongly localized character of these spin moments is corroborated by the Mulliken population analysis shown in Table I . This analysis indicates that the spin moment is mainly localized at the metal impurity. The contribution from the neighboring carbon atoms is much smaller and has the opposite sign. The localized character of the moment is also consistent with the relatively large values of the spin splitting of the impurity bands. From Figure 7 we calculate a spin splitting of ∼0.9 eV for V and almost 2 eV for Cr for the E d levels at E F . These splittings are comparable to those of d-electrons in magnetic bulks, in the order of 1 eV. Figure 7 (e) and (f) show the majority and minority spin band-structures for Mn substitutionals in graphene. In addition to the non-bonding 3d levels, the antibonding A p z -d z 2 defect level also becomes occupied and spinpolarized. This level has an important contribution from the 3d z 2 state of Mn (given by open symbols). Therefore, it is relatively localized within the Mn atom and presents a significant tendency towards spin polarization. Indeed, our calculations show that Mn substitutions in graphene give rise to a spin moment of 3 µ B . The Mulliken decomposition for Mn in Table I confirms again the localized character of this spin moment. However, some differences respect to V and Cr are also found. In those cases, the moment associated with the metal atoms was always larger that the total moment and the only significant additional contributions came from the nearest carbon neighbors. However, for Mn the atomic moment is somewhat smaller (2.91) than the total moment (3.0). Taking into account the contribution from the nearest carbon neighbors (-0.3), a moment of ∼0.4 µ B is assigned to carbon atoms that are further away from the defect. This indicates a slightly more delocalized character of the spin moment of Mn, since for V and Cr the "long range" contribution was smaller than 0.1 µ B . From the band structures in Fig. 7 (e) and (f) we obtain a spin splitting of ∼2.1 eV for the non-bonding d levels of the Mn impurity , similar to the case of Cr. The spin splitting for the antibonding A p z -d z 2 state has a smaller value of ∼1.5 eV, indicative of its larger spatial extension.
From the simple scheme presented in Fig. 5 (a) we cannot completely determine the value of the spin moment of the Mn impurity. It can be 3 µ B as found in our first principles calculations and schematically depicted in Fig. 5 (b) . However, a magnetic moment of 1 µ B is also a possible answer. In the latter case, the additional electron in Mn with respect to Cr could populate one of the minority-spin non-bonding d impurity levels instead of the antibonding A p z -d z 2 level. In such situation, the spin moment is determined by a delicate balance between the onsite exchange energy within the 3d shell, and the energy cost (∆ǫ Ad ) to promote one electron from the nonbonding d levels to the higher energy antibonding A p zd z 2 state. Note that the electron-electron repulsion is also reduced when the electron moves into the less localized A p z -d z 2 level. An estimate of the exchange energy can be obtained from the spin splitting (∆ S ) of the defect levels nearby E F . The relative position of the 3d states respect to the A p z level of the carbon vacancy and the interaction matrix element between these levels determine ∆ǫ Ad . Thus, within our GGA-DFT calculations we can expect the high spin solution to be favored approximately when ∆ S > ∆ǫ Ad . From the band structures in Fig. 7 (e) and (f) we obtain ∆ǫ Ad ∼ 1.0 eV, which is smaller than the values of ∆ S discussed previously and, therefore, is consistent with the calculated moment of 3 µ B for Mn. Fe impurities considered below in detail present a similar situation where two spin configurations are possible. However, in the case of Fe the low spin (spin compensated) solution is preferred at the level of DFT-GGA calculations as a result of the stronger metal-carbon hybridization. In short, both the results of the calculations and the expectations based on our model of the metal-vacancy bonding point towards a very strong 3d character of the defect levels appearing nearby of E F for V, Cr and Mn substitutional impurities in graphene. The filling of these localized levels favors high spin solutions in accordance with the first Hund's rule of atomic physics. Thus, we can picture the appeareance of spin polarization for V, Cr and Mn substitutionals in graphene as "standard" d-shell magnetism.
C. Fe, Co, Ni: strong contribution from the carbon vacancy levels
As we have seen in the previous section the defect levels appearing in the neighborhood of E F associated with the presence of V, Cr and Mn substitutional impurities in graphene have a strong 3d character. Consequently, these impurities exhibit large spin moments. However, when increasing the atomic number along the transition series, the atomic 3d levels move to lower energies and we enter a different regime: the defect states nearby E F have a predominant contribution from the carbon atoms neighboring the metal impurity. For 3d late transition metals heavier than Fe, the noble metals and Zn we can stablish a strong link between the electronic structure of these impurities around E F and that of the unreconstructed D 3h carbon vacancy.
A detailed scheme of the hybridization of the Ni 3d states with those of the carbon vacancy, and the resulting electronic structure, is presented in Fig. 8 (a) . All the bonding and non-bonding metal-vacancy states are filled in this case and the levels appearing closer to E F have antibonding character and a strong contribution from the three carbon nearest-neightbors. Closely below E F we find a level with A character and a strong C 2p z contribution and a smaller weight in the Ni 3d z 2 state. Above E F there are two degenerate levels with E character mainly coming from the C 2sp lobes and hybridized with the Ni 3d xz and 3d yz orbitals. The resulting electronic structure strongly resembles that of the isolated D 3h (unreconstructed) carbon vacancy as can be checked by comparing the band structures in Fig. 4 (a) and Fig. 9 (d) . The main difference stems from the slightly higher position of the unoccupied E levels in the case of the Ni impurity. This upward shift is due to the antibonding interaction with the d states of Ni and contributes to the stability of the C 3v spin-compensated solution. In the case of the D 3h carbon vacancy, the E C 2sp levels lie closer to E F and make the system unstable against spin and structural distortions. This clear connection between the electronic structure of Ni and that of the D 3h vancancy was already emphasized in Ref. 22 .
Thus, our GGA calculations predict Ni substitutional to be a closed shell system with zero spin moment. One could expect that a better description of the electronelectron interaction within the 3d shell would enhance any tendency of the system towards a magnetic instability. For this reason we have performed GGA+U calculations (using the Vasp code) with values of U up to 4.5 eV. However, Ni substitutional impurities in flat graphene always remain non-magnetic in the calculations.
In Ref. 22 we proposed a different way to switch on the magnetism of Ni substitutionals: the possibility of spin-moments induced by curvature. The idea consists in lifting the degeneracy of the two unoccupied E sp-d levels by applying a structural distortion. If the distortion is large enough one of these levels close to E F becomes partially populated and, due to its small band width, spin polarized. We have checked that the curvature of the carbon layer in (n,n) nanotubes with n ranging between 4 and 8 induces spin moments as large as 0.8 µ B per Ni substitutional impurity. The spin moment in these substitutionally Ni-doped nanotubes is strongly dependent, not only on the layer curvature, but on the density and arrangement of defects in the tube. We have recently demonstrated that a similar switching of the magnetic moment can be obtained in flat Ni-doped graphene by applying adequate structural distortions, thus providing a simple way to control the spin of this system.
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As suggested by our scheme in Fig. 8 (b) , we can now try to understand the electronic structure of Co and Fe impurities from that of the Ni substitutional but removing, repectively, one and two electrons. According to this image Co substitutionals should present a spin moment of 1 µ B , while Fe substitutionals should be non-magnetic. This is indeed confirmed by our GGA calculations.
Figures 9 (b) and (c) show, respectively, the majority and minority spin band structures of the Co impurity. In the neighborhood of E F we find a spin-polarized band strong and long-range magnetic interactions between moments associated with neighboring Co defects. 28 Indeed, the peculiar electronic structure of the Co impurities has important consequences for the magnetism of this system: couplings show a complex dependence with distance and direction, while the total spin-moment is determined by the number of Co substitutions in each sublattice of the graphene layer. We refer the interested reader to Ref. 28 . Figure 9 (a) presents the GGA band structure for a Fe substitutional defect in a 4×4 supercell of graphene. Similar results are found using a larger 8×8 supercell. This band structure is again in reasonable agreement with the simple model presented in Fig. 8 . The non-bonding d levels are completely filled and appear ∼0.4 eV below E F in the vicinity of Γ. The A p z -d z 2 level is mostly unoccupied and close to 0.2 eV above E F near Γ. However, we can see that nearby the K point the p z -d z 2 band becomes partially occupied, indicating a small charge transfer from the dispersive π bands of graphene to the defect. Mulliken analysis also reflects a small charge accumulation of ∼0.16 electrons in Fe. In spite of this small partial population, the spin compensated solution is the most stable for Fe substitutionals at the GGA level.
As already pointed out in Sec. III C, the magnetic behavior of the Fe imputiy is a consequence of a delicate balance between the onsite electron-electron interaction and the metal-carbon hybridization. For this reason, we devote a whole Section below (Sec. VII) to explore how the band structure and spin moment of Fe substitutionals are modified when these factors are independently controlled by changing the Fe-C bond length and using the GGA+U approximation to describe the effects of the electron-electron repulsion within the d-shell.
D. Noble metals
In the previous sections we have seen that some of the traditional ferromagnets, like Fe and Ni, become nonmagnetic as substitutional impurities in graphene. Also quite surprisingly, we find here that substitutional impurities of noble metals are magnetic with a spin moment of 1 µ B . The reason for this behavior becomes clear once the electronic structure of these defects is understood.
The band structures can be found in Fig. 9 (e) and (f) for Cu and in Fig. 10 for Ag and Au. In agreement with the predictions of our simplified model in Fig 8, we can see that in the case of the noble-metal impurities the two-fold degenerate E sp-d antibonding levels 45 are now occupied with one electron. The system undergoes a small structural distortion that removes the degeneracy of these levels and the unpaired electron becomes spin polarized. Therefore, substitutional impurities of the noble metals in graphene exhibit a spin moment of 1 µ B . Relativistic effects are known to be much more important for Au than for Ag and Cu. Although we have not included spin-orbit coupling in our calculations, scalar relativistic effects are taken into account in the construction of the pseudopotentials. However, the similarities between the electronic structure of all three noble metals are evident, which indicates that bonding and magnetic behavior is mainly dictated by the number of valence electrons.
Structural parameters for all noble metals impurities can be found in Table II . For Cu and Ag one of the metalcarbon bond lengths is slightly larger than the other two, whereas for Au one is shorter than the others. However, the distortions are rather small with variations of the bond lengths smaller than 2 %. The differences introduced by the larger scalar relativistic effects of Au mainly reflect in the slightly smaller metal-carbon bond length for this metal as compared with Ag. Table I shows the distribution of the spin moment among the metal atom and the nearest carbon neighbors. We can see that the contribution from the metal atom is almost negligible, particularly in the case of Ag. This can be expected from the lower energy position of the d shell in the case of the noble metals as compared with transition metals. Although slightly hybridized with the p shell of the metal impurity, the defect states nearby E F in this case are mainly coming from the carbon neighbors. Still the spin moment is rather localized in the complex formed by the metal atom and its three nearest neighbors, which for Cu and Ag contributes with a moment of 0.83 µ B , and up to 0.88 µ B for Au. The contribution from the rest of the graphene layer is much smaller than, for example, in the case of Co. This reflects the dominant contribution from the relatively localized carbon sp lobes in the description of the defect states nearby E F for these impurities. This analysis reinforces the link with the electronic structure of the unreconstracted D 3h carbon vacancy in graphene as presented in Sec. V C. In fact, we can picture the main role of late transition-and noble-metals substitutionals in graphene as to stabilize the structure of the carbon monovacancy, that otherwise will severely reconstruct, and to change its charge state.
VI. JAHN-TELLER DISTORTION OF SUBSTITUTIONAL ZN
For Zn impurities a second electron is added to the twofold degenerate E sp-d shell. Under these circumstances two scenarios are possible: (i) a non-magnetic solution in which the system has undergone a Janh-Teller-like distortion, or (ii) a high-spin solution that maintains the symmetric C 3v geometry of the defect. The relative energy of both solutions depends on the balance between the energy gain associated with the distortion and the exchange energy of the electrons. Both types of solutions are obtained in our density functional calculations for Zn substitutional impurities in graphene.
The details of the structure and the binding energies of the Zn impurity are presented in Table III as calculated with Siesta. Very similar results are obtained for both configurations using Vasp. The distorted configuration presents one larger Zn-C bond (by ∼3.5%) and two shorter bonds (∼5%) compared with the bond length (1.99Å) of the undistorted geometry. The distorted configuration is more stable by 160 meV (120 meV using VASP). This rather small energy difference between the two configurations might point to the appearance of nonadiabatic electronic effects at room temperature.
The band structure for both configurations of Zn substitutionals can be found in Fig. 9 . Again they confirm the model presented in Fig. 8 . The distorted Zn [ Fig. 9 (g) ] breaks the degeneracy of the E sp-d levels: one of them appears fully occupied ∼0.8 eV below E F , while the other appears a fews tenths of eV above E F . For the C 3v Zn impurity both E sp-d bands are degenerate and the splitting between majority and minority levels is ∼0.71 eV. Table I shows the Mulliken population analysis of the spin moment for the C 3v Zn systems. As in the case of the noble metals the contribution from the three nearest carbon neighbors is the most important. However, the contribution of Zn is somewhat larger and the total spin moment is more delocalized with a contribution form the rest of the graphene layer of ∼0.66 µ B . We should note that here we have one additional electron as compared to the noble metal systems.
VII. FE SUBSTITUTIONALS: COMPETITION BETWEEN INTRA-ATOMIC INTERACCIONS AND METAL-CARBON HYBRIDIZATION
We have already pointed out that Fe substitutionals in graphene occupy a rather special place at the border between two well defined regimes (see Fig. 3 ): (i) the strong 3d character of the defect levels nearby E F and large spin moments found for V, Cr and Mn impurities, and (ii) the larger carbon character of those electronic levels and the small oscillatory spin-moments of Co, Ni and the noble metals. GGA calculations [ Fig. 9 (a) ] locate Fe impurities within the second group, with all the 3d non-bonding levels fully occupied and non-magnetic. Thus, the spin moment drops from 3 µ B for Mn impurities to zero for Fe, showing a quite discontinuous behavior as a function of the number of valence electrons. In analogy with the standard Slater-Pauling rule for transition metals, one could expect to find a more gradual decrease of the spin moment as the number of valence electrons is increased, i.e. Fe would have a moment of 2 µ B . In the present section we study in detail why the non-magnetic solution is more stable for Fe.
A.
Key parameters: metal-carbon hopping and intra-atomic Coulomb interactions The magnitude of ∆ǫ Ad , relative to that of the spin-splitting ∆S of these defect levels, is crucial to determine the spin state of these impurities.
non-bonding 3d states, Mn can exhibit spin moments of 3 µ B or 1 µ B , while Fe can have a moment of 2 µ B or can be non-magnetic. At the GGA level Mn prefers the highspin configuration, while the low-spin one is more stable for Fe. As commented in Section V B, the relative stability of the different spin states depends on the balance between the effects of Coulomb repulsion and exchange within the 3d levels and the relative energy position of the impurity levels given by ∆ǫ Ad (see Fig. 11 ). The hybridization with the neighboring C atoms is crucial in this interplay since it influences (i) the degree of localization of the defect levels and the screening of Coulomb interactions, which modify the spin splitting of the electronic levels ∆ S , and (ii) the value of ∆ǫ Ad through the effective hopping parameter between the 3d states and the A p z carbon vacancy level. Next, we shall deal with both aspects for subtitutional Fe in graphene.
Changing Fe-graphene hopping with distance
By tuning the interaction with the host structure it should be possible to change the spin moment of these impurities. We can modify the hopping by artificially changing Fe-graphene distance. The results of such calculation are shown in Fig. 12 (a) . While maintaining the three-fold symmetry of the system, we have performed a series of calculations by progressively increasing the height of the Fe atom over the graphene layer. Increasing the C-Fe bond length by ∼9% we observe an abrupt and total density of states (DOS) for a Fe substitutional impurity in graphene calculated with VASP using GGA and GGA+U with U=2.4 eV. Positive (negative) values for majority (minority) spin. When U=0 the system shows zero spin-polarization and the Fe 3d z 2 state is partially occupied. A large enough Hubbard U forces an integer population of the Fe 3d z 2 state and produces a spin moment of 1 µB.
electron-electron repulsion within the 3d states of Fe and, eventually, stabilizes the solution with 2.0 µ B .
Figures 12 (b) and (c) present the band structure for the high-spin state of Fe, where the C-Fe bond length has been elongated up to 2.08Å. We notice the differences with the spin-compensated ground state in Fig. 9 (a) . On the one hand, one electron is promoted from the non-bonding d states to the more delocalized antibonding A p z -d z 2 impurity level in order to reduce the effect of electron-electron repulsion. On the other hand, the spin moment is maximized in accordance with Hund's first rule.
Therefore, we have seen that the non-magnetic character of the Fe substitutionals in the GGA calculations is due to the larger interaction with the graphene layer, as compared for example with the Mn impurity. This is consistent with the fact that Fe, together with Co and Ni, presents the smaller carbon metal bond length among the whole series of 3d transition metals. Fe impurities also have one of the largest binding energies. By artificially reducing this interaction it could be possible to obtain magnetic Fe substitutional impurities in graphene.
Changing intra-atomic Coulomb interaction U
Another route to explore would be to increase the size of intra-atomic electron-electron interactions. We have done that by using the so-called GGA+U methodology in which a Hubbard term is explicitly added to the DFT Hamiltonian and solved within the mean-field approximation. Our results indicate that with a reasonable value of U (∼2 eV or larger) we obtain a magnetic solution for Fe substitutionals. However, contrary to our initial expectation this solution does not correspond to the 2 µ B high-spin solution discussed above, but to a new solution with 1 µ B . The key reason to understand this behavior is the partial occupation of the Fe 3d z 2 state at the level of GGA calculations, The d z 2 state is strongly coupled to the delocalized A p z vacancy level appearing nearby E F and both, this hybridization and the population of the atomic orbital, are strongly modified when the value of U is increased. Figure 13 shows the results of the electronic structure of Fe impurities calculated using GGA+U with U=2.4 eV and compared with those with U=0. The two upper panels show the projected density of states (PDOS) onto the d xy orbital (the projection onto the d x 2 −y 2 orbital is identical by symmetry), the two middle panels show the PDOS onto the d z 2 orbital of Fe and the two lower panels the total density of states. At the level of GGA, with U=0, there is a very well defined peak closely below E F in the d xy PDOS corresponding to the position of the non-bonding d states. The spectral weight coming from the d z 2 orbital is more spread: presents some broad structure around −1.5 eV corresponding to the bonding A p z -d z 2 defect level interacting with the valence band of graphene, and a narrowers peak near E F with origin in the slightly occupied antibonding A p z -d z 2 impurity state. Therefore, from the Fe 3d states appearing nearby E F we can picture the d xy and d x 2 −y 2 states as fully occupied and the d z 2 as partially occupied due to the larger interaction with the carbon neighbors.
For a sufficiently large value of U the C 2p z -3d z 2 hybridization is overcome by the tendency of the electrons to have an integer population within the localized 3d shell. Thus, the 3d z 2 localizes one electron and, as a consequence, the system develops a 1 µ B spinpolarization. This changes can be appreciated in Fig. 13 . The majority-spin 3d z 2 PDOS shifts downwards, while a strong unoccupied peak appeas around 1.5 eV in the 3d z 2 minority spin PDOS. Simultaneously, a more delocalized level mostly coming from the 2p z orbitals of the neighboring C atoms appears half-filled at E F . Note that other levels, such as the d xy , do not suffer such strong modifications since they are already almost fully occupied with U=0. It is also interesting to note that, due to symmetry considerations, they couple with the graphene layer very differently from the d z 2 level.
B. Revelance for recent experiments of Fe implantation in graphite
There are recent reports on the paramagnetism of iron-implanted graphite that indicate the existence of local magnetic moments associated with the implanted Fe atoms. 46, 47 This would be in contradiction with the present GGA results if we assume that the Fe atoms are incorporated to the graphene layer as substitutionals. However, the final geometry of the implanted atoms in these experiments is not known. Furthermore, a considerable amount of defects is created during the implantation process. Although it has been argued that a large part of the damage is healed by vacancy-interstitial recombination, 47 the influence of these defects, specially interstitials and big voids, on the observed magnetic response can be determinant.
Therefore, it is not fully clear if we can compare our calculations for Fe substitutional impurities in an otherwise perfect graphene layer with these experimental data. However, as we have shown in detail in this section, Fe substitutionals are very close to a transition and, depending on the details of the calculations, it is possible to obtain a magnetic ground state. In particular, Fe substitutionals develop a spin moment of 1 µ B at the level of GGA+U calculations for reasonable values of the U parameter. This might be an indication that the nonmagnetic ground state found in GGA calculations is a consequence of the limitations of the used functionals.
VIII. CONCLUSIONS
We have presented a DFT study of the structure, energetics, and electronic and magnetic properties of several metal atoms as substitutional impurities in graphene, i.e., bound to a carbon monovacancy in the layer. We have considered the cases of all 3d transition metals, noble metals and Zn. We have paid special attention to their electronic and magnetic properties and develop a simple model to understand the observed trends. Our model is based on the hybridization of the states of the metal atoms with those of an unreconstructed carbon vacancy. The main ingredients of the model are the assumption, after our calculations, of a three-fold symmetric bonding configuration and the approximate knowledge of the relative energy positions of the levels of the carbon monovacancy and the d shell of the metal impurity as we move along the transition series. With this model we can understand the observed the variations of the electronic structure of the defect, the size and localization of the spin moment, and the binding energy. We have identified three different regimes corresponding to filling of carbon-metal hybridization shells with different character: bonding, non-bonding and antibonding.
In more detail: (i ) Most substitutional metal impurities present an almost perfecly symmetric three-fold configuration with C 3v symmetry. Noble metals slightly depart from this perfect configuration. Only Zn presents a considerable structural distortion.
(ii) For Sc and Ti the metal-carbon bonding shell is completely filled. Therefore, these impurities present the highest binding energies and zero spin moments. Sc substitutionals act as p-dopants for graphene: each Sc impurity localizes one extra electron from the carbon layer.
(iii) The non-bonding d shell becomes partially populated for V, Cr and Mn, which develop a very localized spin-moment of 1, 2 and 3 µ B , respectively. The binding energy decreases slightly as the d shell moves to lower energies, thus reducing its hybridization with the higher carbon vacancy levels.
(iv) For Co, Ni, the noble metals and Zn, the metalcarbon levels are progressively populated. This gives rise to a oscillatory behavior of the spin moment between 0 and 1 µ B . The spin moments are more delocalized than those found for V, Cr and Mn and present a considerable contribution from the carbon atoms around the impurity. The binding energy presents a local maximum for Co, but suddenly drops for the noble metals and has its minimum for Zn.
(v) The electronic structure, nearby E F , of substitutional impurities of Co, Ni, the noble metals and Zn has a strong resemblance to that of the unreconstructed D 3h carbon monovacancy We can draw an analogy between the electronic structure of these impurties and that of the unreconstructed D 3h carbon monovacancy with different number of electrons (charge states). The spin moment of these impurities can be fully understand exploiting this equivalence. In particular, the result that noble metals develop a spin moment of 1 µ B emerges naturally within this picture.
(vi) For the Co impurity, the equivalence can be pushed a step further and we can draw an analogy with the electronic structure of a π-vacancy in a simple π-tightbinding description of graphene. This can be used to explain the peculiar behavior found for the magnetic couplings between Co substitutionals in graphene.
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(vii) Fe impurities occupy a distinct position at the border between two different regimes. Their magnetic behavior stems from the competition between the carbonmetal hybridization and the electron-electron interaction within the 3d shell. As a result, although Fe impurities are non-magnetic at the GGA level, GGA+U calculations with moderate values of U (above ∼2 eV) produce a spin-moment of 1 µ B .
(viii) We have found that the unexpected result that Au substitutionals 29,30 present a spin moment of 1µ B also holds for all noble metals, i.e., also Ag and Cu present a 1 µ B spin moment.
(ix) We have found that the ground state of the Zn substitutional is non-magnetic due to a Jahn-Teller distortion. Yet, it is possible to stabilize a symmetric configuration with a spin moment of 2µ B with a very small energy penalty of ∼150 meV.
In summary, substitutional impurities of metals in graphene present some interesting magnetic and electronic properties and, therefore, can provide an interesting route to add functionalities or to tune the response of devices based on graphenic materials. Furthermore, recent experiments by Rodriguez-Manzo and Banhart 25 have demonstrated the possibility to create individual vacancies at desired locations in carbon nanotubes using electron beams. This ability, in combination with the high stability of substitutional impurities, can open a route to fabricate ordered arrays of these impurities at predefined locations. Such devices would allow, among other applications, the experimental verification of the theoretical predictions of unsual magnetic interactions mediated by graphene.
26,27,28

APPENDIX A: PSEUDOPENTENTIALS AND BASIS ORBITALS RADII
For the Siesta calculations we have used TroullierMartins norm-conserving pseudopotentials 41 generated using the pseudization radii shown in Table IV of this Appendix. The pseudopotentials for the metal atoms include nonlinear core corrections 42 for exchange and correlation. The pseudocore radii (r core ) have been optimized for each element. These pseudopententials have been tested to reproduce the correct results in bulk phases.
For most elements, the shape and radii of the basis sets of numerical atomic orbitals (NAOs) used with Siesta were determined automatically by the code using an energy shift parameter of 50 meV. 35, 37 However, for some metal atoms the binding energies where slightly overestimated using these basis sets, mainly due to the confinement of the free atom. For those atoms we enlarged the radii of the basis orbitals (using smaller values of the energy shift parameter) until binding energies were converged within a few tens of meV. The largest radius for each element and l channel is shown in Table V. Notice that double-ζ polarized (DZP) basis of these metals include a p shell. In this case the radii of p orbitals is taken equal to that of the s shell. 
